During the last decades of the 20th century, studies on the vertebrate hematopoietic and immune systems have largely been performed, on mammalian models. The mouse has been the preferred material for several cogent reasons: (i) numerous well defined genetic strains are available; (ii) this species has been and still is instrumental in the study of gene activity through transgenesis; and (iii) in vitro culture techniques and in vivo assays for blood cells together with a wide array of antibodies and nucleic acid probes have been developed to investigate the cellular interactions occurring during hematopoiesis and immune reactivity. However, important and fundamental notions have emerged from using another higher vertebrate model, the avian embryo. The distinction among small lymphocytes of two populations, the T and B lymphocytes, endowed with different roles in adaptive immunity and dependant on different environments for their specification, has relied on experiments carried out in birds. The avian model has been critical for the analysis of the origin and traffic of hematopoietic precursor cells. It allowed the demonstration that both hematopoietic and angioblastic lineages arise from a common precursor, a cell whose existence had been proposed but never undoubtedly proven, the hemangioblast. Finally a form of thymus-dependant 'dominant' tolerance was demonstrated on the basis of experiments in the avian embryo, which initiated a large current of studies on 'regulatory T-cells'. Work in this model during the last decades has relied strongly on the construction of chimeras between quail and chick embryos that allowed a refined analysis of cell behaviour during embryogenesis. The novel perception of developmental neuropoiesis and immunopoiesis that followed proved to be largely applicable to lower and higher vertebrates, notably mammals.
Revealing the two populations of T and B lymphocytes
Although different types of blood cells have been characterized early on the basis of their morphology and histochemical properties, the duality of the so called 'small lymphocytes' has remained unknown until the late 1950s and early 1960s. The fact that some of the lymphocytes responsible for cellular immunity and graft rejection were dependent on the thymus was discovered by Miller (1961) who carried out thymectomy on newborn mice. However, the origin of plasmocytes from a different cellular lineage was first demonstrated by Glick et al. (1956) in the chicken. Birds are endowed with a unique lymphoid organ which develops as an appendage of the cloaca, the bursa of Fabricius, whose significance has long remained enigmatic. Glick showed that injection of testosterone to early chick embryos resulted in the hypoplasia of the bursa of Fabricius concomitant with the absence of plasmocytes and of humoral immunity. It was later discovered that the bursa of Fabricius is the site of B-lymphocyte differentiation in birds. The bursa regresses post-natally at sexual maturity under the action of steroid hormones. Therefore the Blymphocytes responsible for humoral immunity during the whole life span of birds are derived from cells that have differentiated in the bursa during embryonic and early postnatal life. Though actively searched a bursa equivalent in mammals was not found; it was established that, in nonavian vertebrates, the bone marrow is the main source of Bcells, remaining functional in this respect during virtually the entire life of the individual (see review by Metcalf and Moore, 1971) .
The origin, migration and sites of differentiation of cells of the hematopoietic lineage
The study of blood formation in the embryo was pioneered by Moore and Owen (1965) , a few years after the modern era of hematology in the adult was initiated by Till and McCulloch (1961) . Reconstituting the hematopoietic system of an irradiated mouse by intravenous injection of bone marrow cells from a healthy mouse had uncovered the existence of pluripotent hematopoietic stem cells. These stem cells displayed the capacity to migrate and settle in various microenvironments, in which they were instructed to enter specific differentiation pathways. In the adult, they were shown to reside in the bone marrow, where their number, compared to that of other more differentiated cell types, was very low. They seemed to be set aside early in life, so as to constitute a permanent reserve.
To investigate how the blood system forms during development, Moore and Owen elected the chicken embryo for several reasons. Often described previously, the blood system is directly visible after shell opening and develops autonomously, i.e. independently from a maternal circulation. In order to trace cells, these investigators used the pair of sexual chromosomes (in birds ZW for the female, ZZ for the male) as cell markers and established parabioses between the yolk sacs of two juxtaposed eggs containing embryos of different sex. The goal was to observe possible exchanges of blood stem cells between hematopoietic organs of the parabionts. The technique had several drawbacks. The chromosomes had to be observed on metaphase plates, colcemid injected to the embryos induced a high mortality rate and obtaining the adequate opposite sex combination was a matter of luck. Nevertheless, Moore and Owen discovered that an important traffic of cells occurred between the various hematopoietic organ rudiments of the partners, provided that parabioses had been established before a definite developmental stage which turned out to be variable according to the hematopoietic organ considered (reviewed by Metcalf and Moore, 1971) . They concluded that hematopoietic organs all developed from stromal primordia that, with the exception of the yolk sac, became colonized by 'blood-borne' extrinsic stem cells. They put forward the hypothesis that stem cells were all produced by the yolk sac at an early developmental stage and that their progeny sequentially colonized the various organs, finally settling into the bone marrow in mammals as a lifelong permanent reserve (Moore and Owen, 1967) . This was an attractive and revolutionary hypothesis (see Metcalf and Moore, 1971 for a review). However, the fact that all the lymphocytes developing in the thymus (for T cells) and the bursa of Fabricius (for B cells) were of extrinsic origin could not be established by the sex-chromosome marker technique. The latter method provided information only on cells that were dividing at experimentation time (not more than 5% that were necessarily from both host and donor types) and did not exclude the possibility that the incoming stem cells were merely a subpopulation of the stem cells, from which lymphocytes and other blood cells developed in the hematopoietic organs.
The quail-chick marker system that had just been designed (Le Douarin, 1969 , 1971 , 1973 was appropriate to resolve the problem raised by the hematopoietic theory of blood forming organs in development proposed by Moore and Owen (1967) .
Cell recognition was based on the structural differences between quail and chick nuclei. DNA Feulgen staining showed that, in the quail, a large mass of heterochomatin is associated with the nucleolus, whatever the cell type and the developmental stage considered. This is not the case in chicken nuclei and this made the cells of the two species easy to recognize from each other if they had been associated in vivo or in vitro. With the era of monoclonal antibodies (Mabs) it became possible to apply species-specific reagents on the chimeric tissues. In some cases Mabs were obtained that were not only species-specific but also cell type-specific, such as the Mab MB1/QH1 which identified quail endothelial and white blood cells (Péault et al., 1983; Pardanaud et al., 1987) . Antibodies against class I and class II antigens which recognized public determinants in one or the other species also became available (Guillemot et al., 1984) .
Combined with the array of manipulations possible in the avian embryo, the use of the quail/chick model confirmed and extended considerably Moore and Owen's findings; it notably served to fully demonstrate the extrinsic origin of all hematopoietic stem cells (HSC), but it also uncovered some previously unknown features about developmental hematopoiesis and immunology.
The quail-chick chimera system to analyze the cellular components of the thymus and the bursa of Fabricius
The thymus is remarkable if one considers the multiple origins of its component cells. By constructing the appropriate chimeras, it was shown that the three germ layers concur to build up this lymphoid organ. The stromal epithelial cells organized in a network, that encloses abundant lymphoid cells in both cortex and medulla, originates from endodermal buds arising from the ventral pharyngeal pouches.
The connective tissue, which separates the thymic lobes and lobules, and the pericytes and smooth muscle cells associated with intrathymic blood vessels are ectodermal in origin via the neural crest (see Le Douarin, 1982 for a review). In contrast the endothelial cells lining the blood vessel cavities are mesodermally derived.
Hematopoietic lineage cells, which differentiate in the thymus into T lymphocytes, macrophages and medullary dendritic cells, are of mesodermal origin (Le Douarin and Jotereau, 1975; Couly et al., 1995) .
The mesenchymal cells which participate in thymus histogenesis are critical for the differentiation of the endodermal thymic stroma. As shown in quail-chick chimeras in the head of the vertebrate embryo, supporting tissues (bone, cartilage, connective cells) with the exception of most striated muscles, originate from a unique type of mesenchymal cells, a derivative of the neural crest, the socalled mesectoderm (see Le Douarin, 1982 ; Le Douarin and Kalcheim, 1999 for reviews).
Mesenchymal cells are closely associated with the endodermal thymic rudiments which, in chick and quail embryos, appear first on embryonic day 3 (E3) on each side of the pharynx as two buds from the 3rd and 4th pharyngeal pouches (in the mouse a unique thymic bud arises from the 3rd pharyngeal pouch). One day later the thymic rudiments have detached from the pharynx and form two compact cords of epithelial cells which eventually fuse and become surrounded by blood vessels. Further development of the thymic stroma from the endodermal buds depends upon signals arising from the surrounding mesenchymal cells. These signals are responsible for the rapid transformation of the thymic epithelial cord into a lymphoid organ.
The demonstration that the lymphocytes developing in the thymus are all of extrinsic origin was brought about by experiments in which the thymic rudiment was taken at regular intervals from E3 to E7 quail (or chicken) embryos and transplanted into the somatopleure of the other species. It appeared that the thymic epithelium reaches a state of attractivity for blood-borne hematopoietic stem cells at a precise stage. The latter are visible in the blood vessels surrounding the thymic epithelial rudiment where they adhere to the endothelium, then cross it and migrate to the thymus where they divide rapidly. This phase of invasion lasts only 24 h in the quail thymus (from E5 to E6) and 36 h in the chicken (E7-E8.5). Retrieved after this stage and transplanted to the other species, the thymus produces lymphocytes of the same species as its own, from the precursors that have invaded it prior to transplantation . This 'attractive' transitory state is followed by a period when virtually no HC penetrate the thymus. However, new phases of attraction ensue so that thymic colonization in birds follows a cyclic pattern (Jotereau and Le Douarin, 1982) (Fig. 1) . Each phase of colonization is followed by a wave of peripheralization of T lymphocytes (Coltey et al., 1989) .
When the thymic histogenetic process has achieved the fully differentiated state, two zones can easily be defined: a cortical area where lymphocytes differentiate according to a centripetal gradient and a medulla in which lymphocytes are less numerous.
In this cortex, epithelial cells express MHC class II antigens on their surface and cytokeratin in their cytoplasm; they are characterized also by the fact that they are associated through junctional structures, easily recognizable at the electron microscope level. In the medulla, the lymphoid population is less abundant than in the cortex since many T lymphocytes die once differentiated or leave the thymus after reaching the medulla. Apart from the epithelial cells, the medulla contains an abundant population of non-lymphoid cells which were shown to express MHC class II in birds by Guillemot et al. (1984) . These cells, that have the properties of dendritic cells, were shown to develop in the thymus from hematopoietic precursors by the quail/chick transplantation technique in birds .
Short, unique, phase of colonization of the bursa of Fabricius
The bursa is an avian-specific organ devoted to the amplification and differentiation of B lymphoid progenitors. From a general point of view its existence has been important for the discovery of the dichotomy of the immune system into a thymo-dependent (T lymphocytes) and a humoral (B lymphocytes) branch (Glick et al., 1956; Cooper et al., 1965) .
The bursa of Fabricius develops according to a similar scheme as the thymus, from an endo-mesodermal rudiment which is colonized by hematopoietic cells of extrinsic origin. In contrast to the thymus, however, bursal invasion by hematopoietic cells takes place during a unique and continuous period lasting a few days during embryonic life (Houssaint et al., 1976; Le Douarin et al., 1977; Le Douarin and Jotereau, 1980 for a review) (Fig. 1 ).
Bone marrow is also colonized by extrinsic HSC
Interspecific grafting of limb buds also disclosed an extrinsic origin of HSC, which seed the bone marrow as it differentiates (Fig. 1) . Interestingly the vascular endothelia were also shown to derive from invasive cells, first by means of the nuclear marker (Jotereau and Le Douarin, 1978) , later with the monoclonal antibody MB1/QH1 (Pardanaud et al., 1989) .
Osteoclasts, whose origin from either the hematopoietic or the oestocytic lineages was previously unresolved, were clearly shown to derive from monocytes which are induced to fuse when they are subjected to the environment of the bone marrow (Jotereau and Le Douarin, 1978 and references therein).
Origin of hematopoietic and endothelial cells

The hemangioblast
Based on observations of chick blastoderms cultured in toto on coverslips (Sabin, 1920) and on explant cultures of the caudal region of blastoderms at the gastrulation stage, the existence of a common precursor for endothelial cells (ECs) and hematopoietic cells (HCs) was postulated over 60 years ago by Murray (1932) . In both types of cultures, ECs and HCs developed simultaneously from aggregates of morphologically identical cells. Murray (1932) called the whole aggregates hemangioblasts and the constituent cells hemangioblast cells. The peripheral hemangioblast cells Fig. 1 . Developmental schedule of hematopoietic rudiments in the avian embryo. The various events occur slightly earlier in the quail compared to the chicken. Scale at top: embryonic days of development. Red cones: yolk sac production of primary (I) and secondary (II) generations of erythrocytes (characterized by distinct shapes and hemoglobin assortments). Erythropoiesis I derives from in situ committed progenitors. Erythropoiesis II derives from both yolk sac and embryo-committed progenitors. Around E10 blood cells derived from yolk sac progenitors disappear. Orange: intra-aortic clusters (and allantois, not shown) are secondary sites of progenitor commitment. Para-aortic foci cells derive from intra-aortic progenitors (Jaffredo et al., 2000) . (2) were found to have a tendency to flatten against the culture surface and to differentiate to ECs, whereas the central cells of the cluster differentiated into HCs (Murray, 1932) . The term hemangioblast is now used to denominate a cell with the capacity to give rise to both endothelial and hematopoietic progenitors. The existence of these cells has however long remained hypothetical. A significant progress has been made in this respect during the recent years after a receptor for vascular endothelial growth factor (VEGF), VEGF-R2, has been discovered and cloned in the quail (Eichmann et al., 1993 (Eichmann et al., , 1996 and in mouse and man (Terman et al., 1991; Dumont et al., 1992 ; see review in Mustonen and Alitalo, 1995) . VEGF-R2 was shown to be expressed during gastrulation in the caudal mesoderm of the avian embryo essentially fated to colonize the extraembryonic area where the first blood islands differentiate (Wilt, 1965; Eichmann et al., 1993 Eichmann et al., , 1997 Flamme et al., 1995; Wilting et al., 1997) . Moreover, both ECs and HCs were found to be absent in VEGFR2 knock-out mice (Shalaby et al., 1995) . Eichmann et al. (1997) isolated VEGFR2-positive cells from quail blastoderms and subjected them to clonal culture conditions. In the absence of VEGF, VEGFR2
C cells gave rise to HC colonies at a frequency of 1 HC colony per 10 precursors seeded. Different hematopoietic lineages were obtained; erythrocytes and thrombocytes formed in the basal conditions [10% bovine plasma, with no growth factors added, whereas macrophages differentiated in medium containing granulocyte-macrophage-colony stimulating factor (GM-CSF) activity]. In the presence of VEGF, EC differentiation was induced in a dose-dependent manner, concomitant with a reduction of hematopoietic differentiation. At a VEGF dose inducing maximal endothelial differentiation (one endothelial colony per 10 precursors seeded), hematopoietic differentiation was reduced to about 50% of control values to the benefit of endothelial cell differentiation (Fig. 2) .
Thus, the population of VEGF-R2 expressing mesodermal cells from the postero-ventral mesoderm can give rise to both ECs and HCs and can therefore be considered as hemangioblastic. In our culture conditions, one VEGF-R2 C cell can, however, give rise to either one or the other, but not to both, colony types. Endothelial differentiation depends on the presence of VEGF.
The intraembryonic origin of HSC
The extrinsic origin of the HSC that differentiate in blood forming organs immediately raised the question of their origin in the embryo. Moore and Owen (1967) put forward the hypothesis that these cells became committed from the yolk sac mesoderm early in development only once for the whole life of the individual; this seemed a good idea and was generally endorsed by the hematologist and immunologist community. In 1972, a surgical technique to construct a unique type of quail/chick chimera was devised by Martin (1972) . It consisted in grafting a quail embryo on a chick yolk sac at a very early stage of development, before the onset of heart beating (Fig. 3a) . The embryos resulting from this operation possessed hemopoietic organs in which the cells belonging to blood lineages in the thymus, spleen, bursa and bone marrow were all chicken while stromal cells were quail (Dieterlen-Lièvre, 1975; Martin et al., 1978) . Circulating blood was chicken (derived from yolk sac progenitors) until day 5 of incubation, then became mixed, and then richer and richer in quail erythrocytes (Beaupain et al., 1979) . The replacement of erythrocytes derived from yolk sac progenitors by these derived from intraembryonic HSC were strikingly confirmed when the chimeras were built between congenic strains of chickens, differing in their immunoglobulin allotypes or in their major histocompatibility antigens (Lassila et al., 1978 (Lassila et al., , 1982 .
These results led to the indisputable conclusion that yolk sac progenitors give rise to a short-lived progeny, hence cannot be considered as long-life hematopoietic stem cells, since this term specifies the property of long-term selfrenewal. The extinction of yolk sac progenitors may result from the differentiation pressure resulting from the exponential need for red cells in the rapidly developing embryo. Indeed, associated in vitro with an attractive thymic rudiment, the extraembryonic area (i.e. future yolk sac) was capable of providing lymphoid progenitors . Thus it is possible that yolk sac stem cells, tested in different conditions, may be capable of populating the definitive hematopoietic system.
As things stood, it was clear that another source had to provide the hematopoietic progenitors destined to seed the intra-embryonic rudiments, and even migrate out to the yolk sac. The region of the aorta appeared as an interesting candidate for the intra-embryonic site of origin of the cells that supersede the yolk sac cells. Indeed the peri-aortic region of the chicken embryo, dissociated into single cells and seeded in a semi-solid medium, gave rise to 3-4 times more colonies (erythroid or macrophages) than the bone marrow from a newly hatched animal (Cormier et al., 1986; Cormier and Dieterlen-Lièvre, 1988) .
Prominent clusters of MB1/QH1 positive cells line the luminal aspect of the whole aortic floor endothelium in E3 quail and chicken embryos (Dieterlen-Lièvre and Martin, 1981) (Fig. 4a) . These intra-embryonic clusters had been described by earlier cytologists in both avian and mammalian embryos (Jordan, 1916; Emmel, 1916) (Fig. 4c) . In quailchicken yolk sac chimeras, these intra-aortic clusters are quail, i.e. they have an in situ intra-embryonic origin (Dieterlen-Lièvre and Martin, 1981) . Moreover their affinity for anti-aIIbb3 integrin (also known as CD41) antibody authenticates their hematopoietic progenitor nature (Corbel, 2002) (Fig. 4a) . These clusters display hematopoietic specific affinities in mammals ( Fig. 4b and d) . The origin of clusters was traced back to endothelial cells in the aortic floor. The experiments consisted in injecting acetylated-low density lipoproteins (AcLDLs) into the heart of E2 chicken embryos (ECs endocytose LDLs through a specific receptor). At that time the aorta is foreshadowed by two parallel rudiments entirely lined by phenotypically normal ECs. Clearance of LDLs from the blood was achieved within 3-6 h. Yet 24 h later the clusters were Ac-LDL positive, thus derived from endothelial cells of the aortic floor (Fig. 5) .
Large groups of hematopoietic cells, known as paraaortic foci, are visible in the dorsal mesentery ventral to the aorta, a few days later in development. These foci could be shown to contain reconstituting progenitors (Lassila et al., 1979 (Lassila et al., , 1980 . Furthermore they could be shown to derive from aortic endothelium, by means of a tracing experiment similar to that described above, except that the tracer was a lacZ encoding viral vector, which labels cells more durably than LDLs (Jaffredo et al., 2000) .
Distinct origins of head, body wall and visceral endothelia; relationship with HSC production in the mesodermal layer
It is easy to observe that, of the two layers of the mesoderm enclosing the coelom (somatopleural, ectodermassociated; splanchnopleural, endoderm-associated), only the splanchnopeural layer has the capacity to form blood vessels. These features are exemplified in two of the embryonic appendages. The amnios (mesodermCectoderm) never develops any blood vessels, while the yolk sac (mesodermCendoderm) develops blood islands which, soon after their differentiation, become connected by a rich vascular network. Heterotopic grafting followed by MB1/QH1 antibody was used to investigate whether visceral organs and body wall-derived organs acquire their vascular apparatus by similar means. Quail visceral organ rudiments grafted into chick produced their own endothelial cells, while wing buds including bone marrow were colonized by extrinsic angioblasts (Pardanaud et al., 1989; Jotereau and Le Douarin, 1978) . In both cases HSC were of Several investigators have demonstrated by means of heterotopic transplantation followed by MB1/QH1 staining that the somites have a powerful endothelial cell producing capacity (Wilting et al., 1995; Noden, 1991; Pardanaud and Dieterlen-Lièvre, 1993) . Orthotopic transplantation of somites from quail into chick embryos indeed demonstrated that these structures provided the angioblasts which give rise to the body wall vascular network, and further showed that somitic-derived angioblasts never entered the visceral mesoderm (Pardanaud et al., 1996) . The aorta also received somitic angioblasts, but the location of these was always restricted to the roof and side endothelium. On the other hand the hematopoietic cluster-bearing endothelial floor was found to derive from splanchopleural mesoderm (Pardanaud et al., 1996; Pardanaud and Dieterlen-Lièvre, 1999) (Fig. 6) . Thus, the aortic endothelium is mosaic in origin and the HSC producing potential is restricted to cells in the aorta derived from splanchnopleural mesoderm. Interestingly, however, the hematopoietic potential of splanchopleural mesoderm disappears from visceral organs as soon as the splanchopleura emits the aortic rudiments.
The allantois: a source of HSC and circulating angioblasts
The allantoic bud retrieved from the quail at a prevascular stage and grafted heterotypically in the chicken coelom produced progenitors which colonized the host bone marrow, giving rise there to both hematopoietic and endothelial cells (Caprioli et al., 1998 (Caprioli et al., , 2001 ). Thus the allantois should be added to the sites already known to produce HSC, namely the yolk sac and the ventral wall of the aorta. The double colonization mediated via the blood, described in the case of allantois grafts, is particularly interesting, since endothelial progenitors are also known to circulate in the blood in the adult mouse (Asahara et al., 1997; Rafii, 2000) . An innovative aspect of these data is to show that endothelial cells, which are epithelial in arrangement in the vascular steady state, undergo during development a phase when they adopt a single cell, circulating, phenotype. The bone marrow has always been thought to become colonized by angioblasts through vascular buds arising from neighboring blood vessels. These experiments demonstrate that, in the process of vascular network development in the bone marrow, at least part of the EC arise from circulating progenitors which originate in primary sites of HSC development. The allantois experiments did not resolve an issue, interesting for future investigations, namely whether two distinct progenitors, one endothelial and one hematopoietic are involved, or whether the cell responsible is the hemangioblast.
The concept of 'regulatory T cells' in self-tolerance
The accepted view to explain self-tolerance has long been that T cells potentially harmful to the individual are eliminated in the thymus soon after they emerge via the expression of their specific T-cell receptor (Burnet, 1957; Lederberg, 1959 and reviewed by Möller, 1993) . Clonal elimination of self-reactive T cells in the thymus has been demonstrated long after the Burnet-Lederberg hypothesis had been formulated (Kappler et al., 1987 (Kappler et al., , 1988 MacDonald et al., 1988; Kisielow et al., 1988; Pircher et al., 1989) . However, the presence of autoreactive T cells in normal healthy individuals and the occurrence of autoimmune disorders suggested that intrathymic clonal deletion did not eliminate all the T cells able to respond to self antigens.
After the origin of the various cellular components of the thymus had been elucidated in quail and chicken embryos, a model was devised which led to the notion that self tolerance involved a 'dominant' mechanism preventing the activation of some peripheral self-reactive cells escaping intrathymic clonal elimination.
In birds, the development of the embryo in the egg allows a variety of tissue manipulation by microsurgery during practically the whole period of organogenesis. Neural tube chimeras (in which a segment of the neural tube is replaced in a chicken host by its quail equivalent) die 2 or 3 weeks after hatching with symptoms very similar to these of experimental allergic encephalomyelitis (Kinutani et al., 1986) . The wing bud can also easily be exchanged between embryos of quail and chicken from E3 to E5. Such an experiment resulted in the normal development of a wing which exhibited donor species-specific characters and was vascularized by host-derived blood vessels which rapidly Fig. 5 . Intra-aortic hematopoietic clusters derived from cells with a previous endothelial phenotype. 24 h prior to sacrifice AcLDLs were injected in the heart (E2 embryo). The intra-aortic clusters had not developed yet and the whole aortic endothelium became labeled. At E3 the inner lining of the aorta was still entirely LDL-labeled (a), comprising the intra-aortic clusters (arrows), identified by CD45 labeling on the same section (b) (from Jaffredo et al., 1998, with permission). Fig. 6 . The cluster-bearing endothelium of the aortic floor has a different origin (splanchnopleural mesoderm-derivation) than that of the roof and sides (somite-derivation). Cells issued from an orthotopic graft of quail splanchnopleural mesoderm integrated in the host aortic floor and contributed to hematopoietic clusters. Arrow: MB1/QH1
C quail cluster cells; arrowhead: chicken host cluster cells (picture kindly provided by L. Pardanaud).
invaded the transplant. No sign of rejection of the graft appeared until the recipient became immunocompetent (i.e. able to reject skin grafts or to mount an immune response against a foreign antigen), a stage reached about 2-3 weeks after birth. At that time, the chicken (in these experiments most often used as the host) started to reject the quail wing which was completely destroyed at about 3 months of age (Ohki et al., 1987 (Ohki et al., , 1988 .
However, if the thymic epithelium was properly made chimeric, rejection of the grafted wing could be avoided. In these experiments, the endodermal thymic buds of the chicken were removed on both sides of the pharynx and replaced by their quail counterpart obtained from the donor of the wing rudiments. At E4.5 the time chosen for the operations, the thymic epithelium is not yet colonized by lymphoid progenitors. The grafted quail thymic epithelium became colonized by the lymphoid progenitors from the chicken host, which differentiated into T lymphocytes and medullary dendritic cells.
Out of 290 chicken embryos that survived this double surgery at E4.5, 16 were able to hatch and remained healthy for a while after birth. In all experimental birds, the grafted quail wing remained healthy for a longer period than when the thymic lobes were not co-grafted with the limb. Several birds, sacrificed after a few months, showed no signs of rejection of the grafted quail wing. In some cases slight signs of inflammation appeared after 38-55 days. In contrast, the birds in which only the quail wing was grafted exhibited strong rejection from 2 to 15 days after birth at the latest.
The thymic lobes of the operated animals were analyzed for chimerism. The thymic epithelium was labeled to evidence the nuclear marker of the quail, moreover quail and chicken MHC class II expressing cells were distinguished using species-specific anti-class II-BL monoclonal antibodies. The presence of epithelial cells of the quail type in the thymic lobes was correlated with tolerance to the quail wing. However, it could occur that some thymic lobes were entirely of the chicken type, due to only partial replacement of the thymic endodermal buds.
During rejection, the chicken host developed a humoral response, involving antibodies directed against common quail antigens, which became detectable in the sera of chimeras 1-8 days after the onset of rejection. In order to test the role of the humoral response in graft rejection, early bursectomy was performed at E5, i.e. 1 day after implantation of the quail limb bud. Although such animals are B-cell deficient and cannot mount a humoral response against foreign antigens, they acutely rejected the wing as do chickens with a functional bursa (Ohki et al., 1988) demonstrating that rejection of the embryonic graft is mediated essentially by T cells.
Experiments aimed at preventing the rejection of the bursa of Fabricius in quail to chicken combinations were also carried out, involving the graft of the epithelial rudiment of the bursa of the quail into chicken at E5. In such a case the quail bursa was rejected after birth.
However, no immune attack of the quail bursal stroma occurred when the thymic rudiments from the same donor were partly or totally substituted for their chicken counterparts (Belo et al., 1989) . Like in wing chimeras, the thymus lobes were analyzed for chimerism; again the chicken rudiment did not have to be completely removed to induce tolerance. In fact, as in wing chimeras, tolerance was induced provided that quail epithelial cell lobes formed at least one-third of the total volume of the thymic tissue.
In these specific chimeras, two populations of peripheral T cells were generated, one in the quail and the other in the remaining chicken thymic epithelial network. Nevertheless, tolerance to quail tissue developed in both cases. Therefore, the presence of the donor thymus affected the immunological activity of all T cells, even these differentiating in the host thymus. It is unlikely that T cells that differentiate in chick thymic lobes recirculate massively in quail lobes. Therefore, it must be assumed that tissue graft tolerance exists even if only a subset of T cells encountered quail antigens during the intrathymic phase of differentiation.
This subset must be able, when in the periphery, to inhibit activation of lymphocytes, whose TCR repertoire is directed against quail antigens.
The same type of experiments was performed in mammals. Thymus-deprived nude mice (A strain) were grafted with thymic epithelium obtained at E10 from the 3rd pharyngeal pouch of a B strain immunocompetent mice. T cell function was fully reconstituted in the recipient nudes. They became able to reject skin graft from a third party while remaining tolerant to both transplants from both A and B strains (Salaün et al., 1992) .
Spleen cells from such tolerant animals injected to naive A nude mice reconstituted T cell function in the recipient and transferred the tolerance to B skin grafts. Reducing the number of injected spleen cells resulted in the segregation of the two phenomena. With low numbers the recipients were restored but not tolerant, thus showing the co-existence in the grafted tolerant donor of anti-strain B reactive T cells along with regulatory cells able to abolish their reactivity against B determinants. Other experiments demonstrated that thymic epithelium-induced tolerance does not rely on clonal deletion or anergy. This was shown in systems where elimination of cells directed toward superantigens was screened. It turned out that tolerance to skin grafts and superantigen T-cell deletion are unrelated phenomena Salaün et al., 1992) .
These observations imply that tolerance to self results at least partly from the interplay between cells potentially harmful for the self-component and others which exert a strong control on their reactivity. Differentiation of cells belonging to the latter type, that can be qualified as 'regulatory' T cells, depends upon interactions of thymocytes with the endodermal component of the thymus.
Since these prime observations, large interest has developed for the role of antigen-specific regulatory T cells in the biology of tolerance to self.
Conclusions
Investigations about hematopoietic and immune development in the avian embryo have been very productive. One of the earliest and most continuously studied in this field, the avian model has made possible, through diverse manipulations, the discovery of a number of fundamental notions and concepts, later confirmed in other classes of vertebrates, such as amphibians and mammals, particularly in mouse and man. These features will be summarized below.
1. The hemangioblastic lineage is committed early as soon as ventral mesoderm arises from the ventral blastoporal lip or its equivalent, the posterior primitive streak. It is characterized by the fact that its component cells express VEGF receptor 2. Hemangioblasts have been difficult to pinpoint both in birds and mammals. In birds a VEGFR-2 C cell population yielded either endothelial or hematopoietic colonies ) (but no mixed colonies, i.e. the Grail for a common cell ancestor). In vivo tracing of cells however established that the ventral endothelium of the aorta gives rise to hematopoietic progenitors (Jaffredo et al., , 2000 , bringing proof of a filiation, for which indirect arguments have been obtained in the mouse (Choi et al., 1998; Hamaguchi et al., 1999; Ogawa et al., 1999) . 2. Hematopoietic stem cells (HSC) become committed in several specific sites of the embryo. Their subsequent differentiation depends on the microenvironment provided by organ rudiments such as the thymus and bursa of Fabricius, whose stroma they colonize. The only exception to this rule is the yolk sac, which, in early development, receives hemangioblast-containing ventral mesoderm and which produces its own hematopoietic progenitors. Likewise, in mammalian development, thymic lymphopoiesis, vigorous fetal hepatic hemopoiesis, and bone marrow hemopoiesis depend on an extrinsic incoming flow of HSC. 3. Quail-chick combinations have shown that colonization follows distinct schedules in each organ: precisely timed cyclic phases in the thymus, a unique short phase in the bursa of Fabricius. Concerning the bone marrow, it becomes seeded as soon as the bone rudiments begin differentiating, an event which occurs somewhat later. It should be noted that there are no hard data about the further evolution of bone marrow seeding in birds nor mammals: the consensus is that a pool of self-renewing stem cells established during development resides in the bone marrow; however, although beginning colonization is precisely dated, whether and when it ends is not. 4. The bone marrow angioblasts, also extrinsic in origin, have always been thought to become seeded from vascular buds arising from neighboring blood vessels. Interspecific grafts of the allantois have demonstrated that vascular network development depends, at least in part, on endothelial cells deriving from circulating progenitors, that originate in primary sites of hematopoietic progenitor development. 5. HSC were once held to become committed in the yolk sac early in development. Avian studies have uncovered the production of a new series of HSC within the embryo in the region of the aorta, a finding later confirmed in mouse and man (Cumano et al., 1996; Medvinsky and Dzierzak, 1996; Tavian et al., 1996) . These HSC are the ones which seed the hematopoietic organ rudiments in the avian embryo; this process is followed by the emigration of progenitors, intra-embryonic in origin, to the yolk sac. Finally an in situ emergence of progenitors was uncovered in the allantois. The latter finding has prompted research about the mammalian placenta. This appendage could indeed be shown to be an active hematopoietic organ (Alvarez-Silva et al., 2003; Mikkola, Gekas, Orkin and Dieterlen-Lièvre, unpublished results) and maybe a site where HSC become committed (Salaün, Corbel and Dieterlen-Lièvre, unpublished results) . 6. Immune tolerance to self was long considered to be controlled through the intrathymic elimination of T cells bearing a receptor with high affinity to self-determinants. Experiments carried out in the avian embryo have revealed that this passive form of tolerance is accompanied by another mechanism which is thymusdependent, although taking place at the periphery. By creating chimeric thymuses between quail and chick embryos in which the endodermal component alone is quail and the other cell types chicken, it could be shown that antigen-specific T cells generated in contact with the thymic epithelium are able once peripheralized to prevent the activation of the self-reactive T cells which have escaped thymic negative selection. This form of dominant tolerance was later found in mammalian systems, and was at the origin of a large current of work on the mechanisms of self/non-self discrimination by the so-called 'regulator T-cells'.
